Intralocus sexual conflict occurs when a trait encoded by the same genetic locus in the two sexes has different optima in males and females. Such conflict is widespread across taxa, however, the shared phenotypic traits that mediate the conflict are largely unknown. We examined whether the sex hormone, testosterone (T), that controls sexual differentiation, contributes to sexually antagonistic fitness variation in the bank vole, Myodes glareolus. We compared (opposite-sex) sibling reproductive fitness in the bank vole after creating divergent selection lines for T. This study shows that selection for T was differentially associated with son versus daughter reproductive success, causing a negative correlation in fitness between full siblings. Our results demonstrate the presence of intralocus sexual conflict for fitness in this small mammal and that sexually antagonistic selection is acting on T. We also found a negative correlation in fitness between parents and their opposite-sex progeny (e.g. father -daughter), highlighting a dilemma for females, as the indirect genetic benefits of selecting reproductively successful males (high T) are lost with daughters. We discuss mechanisms that may mitigate this disparity between progeny quality.
INTRODUCTION
Conflict exists between the evolutionary interests of individuals of the two sexes [1] [2] [3] . When males and females differ in their optima for a morphological, physiological or behavioural trait that has a strong intersexual genetic correlation, the alleles of the underlying polymorphic genes are beneficial to one sex but detrimental to the other, and an intralocus sexual conflict is borne [4] [5] [6] [7] [8] . Intralocus conflict has the potential to generate sexually antagonistic selection affecting important evolutionary processes, such as sexual coevolution, adaptive evolution and speciation [4, [9] [10] [11] . Since the seminal paper by Chippindale et al. [5] , interest in intralocus conflict has surged with further empirical evidence gathered from both laboratory and natural populations; not only for Drosophila melanogaster [12] [13] [14] [15] [16] but also in other invertebrates and vertebrates [17] [18] [19] [20] [21] [22] . However, it is less well-established that shared phenotypic traits mediate the conflict [4, 15, 23] . Shared phenotypic traits suggested or shown to underly intralocus sexual conflict include body size [15, 17, 22, 24] , development time [22, 25] , longevity [22] , locomotory activity [23] , immune defence [26] [27] [28] [29] [30] , diet [31] and the hormone corticosterone [32] . We concentrate on steroid hormones as potential mediators of conflict owing to their importance in controlling sexual dimorphism in mammals [33] . The steroid hormone, testosterone (T), is essential for mammalian male reproductive behaviour [34] , and directional selection for increased T in males might be linked to an associated T increase in females [35] , as has been documented in some avian taxa [36, 37] . If increased T level had negative effects on female fitness, this would result in a sexually antagonistic hormone expression profile, unless selection has decoupled male and female T levels [38] .
In this paper, we used a small mammal, the bank vole Myodes (Clethrionomys) glareolus, to investigate intralocus sexual conflict for fitness and its underlying traits. Potential for intralocus conflict is high in the bank vole owing to several characteristics in its life history. First, the bank vole shows polygynandrous behaviour [39] , different reproductive roles between the sexes [40] , selection on male-mating and reproductive successes [41] and heritable male-mating success [42] . Second, the sex hormone T governs the expression of male bank vole social status, mate searching, mobility and reproductive success [41] [42] [43] [44] is heritable (h 2 ¼ 0.32, [45] ), and male and female T levels are considered to be genetically correlated [46] . Third, selection for T increases multiple mating in male bank voles, but decreases multiple mating in females [47] . Together these observations indicate that T is a candidate for mediating intralocus sexual conflict over reproduction, and here we set out to explicitly test whether this is the case.
We created artificial selection lines divergent for male T and measured relative adult fitness using genetic paternity analyses and competition trials. If the endocrine pathway was involved in mediating intralocus conflict in the bank vole, we predicted to find: (i) that offspring fitness would be sensitive to selection on parental circulating T levels via between-sex trait heritability, i.e. a negative correlation in fitness between parents and their opposite-sex progeny [48] , (ii) a genotype by sex interaction [20] , and (iii) a negative genetic correlation between fitness estimates in full-sibling brothers and sisters [16] .
MATERIAL AND METHODS
(a) Parental selection lines A total of 200 males and 200 females were wild captured from Konnevesi, Central Finland (62837 0 N, 26820 0 E) in 2004. The animals were maintained in laboratory conditions described in Mills et al. [41] with food and water ad libitum. Retro-orbital blood samples were collected from all individual males over 48 h (see methods in Oksanen et al. [49] ), centrifuged (12 000 r.p.m. for 5 min; Heraeus Biofuge) to separate plasma from the blood cells, and plasma was stored at 2208C. Plasma T was measured using a radioimmunoassay kit (TESTO-CTK, DiaSorin, Byk-Sangtec Diagonstica GmbH & Co., Dietzenbach, Germany) and both methods and the test for parallelism are described in Mills et al. [39] . Repeatability was calculated for male T values (n ¼ 56) recorded in either duplicate (n ¼ 43) or triplicate (n ¼ 13) over a four-month period during the breeding season using analyses of variance [50] (13, 8, 14 and 18 from each cross, respectively), with the other 22 being singlesex litters. Pups were sexed, weighed and measured within 12 h of birth and progeny were reared in their natal litter until weaning (20 days of age), after which they were reared in individual cages. A one-way analysis of variance (ANOVA) was used to examine the effect of the number of F 1 males in utero on the anogenital distance of F 1 female pups measured at birth. Number of litters ¼ 49, as birth measurements were not taken within 24 h for four F 1 litters. We used a two-way ANOVA to examine the effects of paternal T line (fixed factor: H and L) and maternal T line (fixed factor: H and L) on mean F 1 litter size at birth (number of litters ¼ 49). We also tested for differences in mean F 1 litter size at birth between paternal and maternal T lines with F 1 progeny sex (fixed factor: male and female) using a three-way ANOVA (N ¼ 98). Simple-effects analyses (pairwise options using command syntax in SPSS, v. 17, [51] ) were used to break down the interaction term by analysing the effect of one independent variable (e.g. maternal T line) at individual levels of the other independent variable (e.g. paternal T line). In June 2005, T was measured from all F 1 male offspring over 48 h.
One hundred and thirty-two F 1 male and 128 F 1 female offspring were randomly assigned, accordingly to their date of birth, to 33 and 32 test groups, respectively, each comprising four individuals, one from each cross (HH, LL, HL and LH). Multiple male and female offspring from one litter were assigned to different test groups.
(c) F 1 adult fitness (i) F 1 males Two intensive reproductive success trials were completed on F 1 males from June to October 2005 to estimate their fitness [43] . (i) F 1 male paternity was measured where one experimental F 1 female in post-partum oestrus (having given birth in the previous 12 h) was presented consecutively with each of the four males per test group singly for 1 h. Four trials were carried out for each test group, alternating both the order in which the males were presented and the experimental cross of the F 1 female (total of 132 trials). Pups were genotyped at six microsatellite loci and likelihood-based analysis of paternity was conducted with the software CERVUS v. 2 [39, 52, 53] . Relative reproductive success per test group was determined. (ii) F 1 male-male competition was also measured where males competed with another male for a female. A trial comprised two males from an F 1 test group and one wild caught non-experimental female in post-partum oestrus in an arena (1 Â 1 m) where observations were made until ejaculation occurred [41] [42] [43] [44] . All males were assessed three times with the three other males from his test group (two males per trial, six trials in total per test group, total of 198 trials) and random unrelated, unfamiliar females. Males were ranked within each replicate group based on their copulation success per trial providing relative male-male competition per test group. Mean reproductive success of brothers based on both relative measures was calculated.
(ii) F 1 females Bank vole litter size shows remarkably large phenotypic (2-10) and additive genetic variation [54, 55] , and is both an important female life-history trait as well as being used to measure female fitness [56] . In the laboratory, bank vole litter size at birth most frequently equates to litter size at weaning. F 1 female reproductive success was determined from litter size in trials where all four females from one test group were placed in a competitive situation for one week with one nonexperimental random male of proven fertility. The trials were carried out in a large cage (60 Â 40 Â 30 cm) with sawdust and hay for bedding, food and water ad libitum. Females were then monitored for births and litter size was measured. On hundred and fifty-nine trials were carried out on a total of 95 females from 53 litters.
We tested for differences in F 1 adult fitness between F 1 progeny sex (fixed factor: son and daughter) as a function of paternal and maternal T lines (fixed factors: H and L) using a three-way ANOVA (N ¼ 106).
(d) F 1 differential sex ratio allocation Differential maternal investment was assessed from §2c F 1 male reproductive success trials. Differential F 2 litter sex ratio allocation (arcsine square-root transformed) was determined using a two-way ANOVA with F 1 paternal and F 1 maternal selection lines on F 2 litter sex ratio. Only HH and LL lines were used, N ¼ 34 litters.
RESULTS (a) Parental selection lines
The parental generation had a mean T + s.e. of 11.85 + 0.6 ng ml 21 figure 1a,b) , but negatively related to the relative fitness of opposite-sex progeny (daughters; Relative adult fitness was reversed between F 1 brothers and sisters between selection lines (two-way ANOVA: selection line: F 2,100 ¼ 2.987, p ¼ 0.055; progeny gender: figure 1 ). Second, we show a selection line by sex interaction between reproductive fitness estimates in male and female bank voles (figure 2). Third, the fitness of full siblings is negatively correlated ( figure 3 ). Accordingly, our study indicates that sexually antagonistic selection is probably acting on the steroid hormone T, which has importance implications for sexual selection.
Could the negative correlation in fitness between F 1 full siblings be owing to mechanisms other than intralocus conflict? Differential non-genetic investment by mothers may produce such a result. However, bank vole offspring body size at birth did not differ significantly with sex as a function of selection line (this study) and contrary to other species [57, 58] , female bank voles have previously been found not to adjust their maternal effort before or after birth according to male quality [42] . However, we cannot rule out the possibility that non-genetic maternal effects may bias the present results. Negative effects of male hormones in utero on female fitness may also produce negative correlations in fitness between siblings. However, the number of Therefore, the negative correlation in the estimate of fitness between sons and daughters ( figure 3 ) and the selection group by sex interaction (figure 2) suggest the presence of intralocus conflict in the bank vole. Kruuk et al. [60] suggested that although negative cross-sex genetic correlations for morphological traits would seem unlikely, alleles associated with enhanced male reproductive success but reduced female fecundity would be plausible, owing to the allelic effects on hormone levels, such as T. Our data support this hypothesis showing that reproductive fitness was sensitive to selection on T levels in both bank vole sexes, but in opposite directions.
The specific traits that are targets of intralocus sexual conflict are largely unknown [30] , and here we show that for bank vole fitness, sexually antagonistic selection is acting on circulating male T levels, a result also found to maintain the strategy of multiple mating in the bank vole [47] . Directional selection for increased T production in males is clearly linked to changes in females, hence a genetic correlation between female and male T expression levels is likely to be strong, as has been documented for some avian taxa [36, 37] . As suggested by Mank [38] , it is therefore unlikely that female bank voles lack androgen receptors entirely, else there would be fewer negative consequences of increased T levels for females. Female bank voles are likely to have had higher and lower T expression that may have decreased and increased their fecundity, respectively, possibly owing to resource re-allocation or non-optimal hormone levels. Other proximate explanations include genomic imprinting [61, 62] , a common process when multiple males sire the offspring of one female [63] , or paternal alleles may have had sexually antagonistic effects on offspring condition, i.e. the efficiency of acquiring and converting resources into fitness [64] . Alternatively, our selection lines might have differed in other traits, such that a correlated trait, and not T, caused the observed effects, but we are unable to test this hypothesis with our data.
This study highlights a negative genetic correlation between selection for T in sires which determines reproductive success [39] and their daughter's fitness ( figure 1 ). Other studies, although rare, have also shown that the heritability of fitness is negatively correlated between parents and their opposite-sex progeny (e.g. father-daughter or mother-son) [14, 19, 20, 26] . As previously highlighted by Fedorka & Mousseau [19] , intralocus sexual conflict has important fitness consequences for females, as the indirect genetic benefits of selecting reproductively successful males as mating partners (dominant bank vole males with high T levels) may be lost when a daughter is produced. What, therefore, are the consequences of this between-sex component of trait heritability for sexual selection? Male bank voles advertise their quality by dominance dependent on T [43, 65] and both male-male competition, and female choice for dominant males causes strong selection for higher T levels [39] . Directional selection for increased T in males is therefore high [39, 43] , but a correlated [45] and antagonistic increase would be manifest in females (this study). Moreover, a recent multivariate quantitative genetic study by Schroderus et al. [45] highlighted that selection on male Twould also be constrained by the antagonistic effect on immunity in males as well as in females. Such opposing selection mechanisms are likely to be powerful forces promoting the maintenance of genetic variation not only on T, but also on secondary sexual characteristics mediated by T and on bank vole fitness itself.
Why have not bank voles evolved sex-specific gene expression to resolve this sexual conflict for fitness? First, most genes are, to some degree, pleiotropic [66] [67] [68] and such constraints may hinder the resolution of sexual antagonism [69] . Owing to the multiple functions of T and thus complex selective pressures, we predict that pleiotropic constraints are likely to be strong on T as highlighted by Schroderus et al. [45] . Second, female bank voles are known to mate polyandrously, producing litters with multiple sires [39] , a strategy that may alone mitigate the disparity between progeny quality [70] . However, when sire genotypes have differential fitness effects on sons versus daughters, female side-blotched lizards, Uta stansburiana, are capable of altering progeny sex ratio accordingly [17, 26, 71] . We also found evidence for cryptic sex ratio bias in bank voles as the litters of high-quality females (LL: high fecundity) were biased towards daughters and low-quality females (HH: low fecundity) towards sons ( figure 4) . This raises the possibility of whether females could actively bias their litter sex ratio to increase their fitness either through daughters or sons as a function of their genotype, or whether differential litter sex ratios between maternal lines are a physiological response to female circulating T levels.
The bank vole is naturally exposed to considerable sources of spatial and temporal environmental variation creating a variable selective environment that may partly resolve the negative correlation in fitness between siblings. Bank vole population densities fluctuate with distinct density cycles in northern Fennoscandia [72] and a genotype-by-environment interaction has been found on male bank vole reproductive success [41] , thus under changing environmental conditions the correlation between sibling fitness may vary. Bank voles also show a phenotypic and genetic trade-off between immune response and T [43] [44] [45] and measures of immunity differ across density cycles [73] . Therefore, selection on different immune-related traits is likely to differ between peak and crash years with concomitant effects of fitness and its correlation between the sexes. Recent theoretical and empirical data also highlights that genetic variation in sexually antagonistic traits can be maintained via negative frequency-dependent selection [74] . Variable selection environments may select for different traits in one or both of the sexes, potentially altering the correlation in fitness between them, and may thus play a role in maintaining the negative correlation in fitness between bank vole siblings.
